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of the technique for hypersonic flow thermometry applica-
tions in low-enthalpy facilities.

1  Introduction

Hypersonic ground testing has traditionally relied in opti-
cal methods such as schlieren imaging to visualise changes 
in density within the flow (Settles 2012). Optical methods 
offer the capabilities to perform non-intrusive measure-
ments of the flow in regions that are difficult to access; 
however, the development of advanced diagnostics has 
proven to be particularly difficult in hypersonic facilities, 
where optical access is restricted and the extreme pressures 
and strong flow gradients, together with the inherently short 
test durations and fast flow speeds, pose particular chal-
lenges to such applications (Estruch-Samper et al. 2009).

Planar laser-induced fluorescence (PLIF) methods rely 
on probing the fluorescence of a tracer (either already pre-
sent or purposely introduced in the flow) via excitation by 
laser light. Through calibration of the related photo-physi-
cal properties, information about the flow can be obtained. 
PLIF methods have particularly received attention in pro-
pulsion and combustion research for the measurement 
of species concentrations, which often occur naturally in 
combustion products, for example, hydroxyl radical (OH) 
and nitric oxide (NO) (Cessou et al. 2000; Rossmann et al. 
2003;  Sjoholm et  al. 2012). Scalar properties such as den-
sity and molecular concentration can be measured through 
appropriate selection of a tracer/laser wavelength combina-
tion, where the laser wavelength excites a particular transi-
tion of the molecular tracer. Since fluorescence emissions 
generally occur in time scales within the nanosecond–micro-
second range (Burton and Noyes 1968), PLIF imaging often 
relies in image intensifier systems, which are composed of a 

Abstract  Planar laser-induced fluorescence imaging is 
carried out in a hypersonic gun tunnel at a freestream Mach 
number of 8.9 and Reynolds number of 47.4× 10

6
m

−1 (N2 
is the test gas). The fluorescence of toluene (C7H8) is corre-
lated with the red shift of the emission spectra with increas-
ing temperature. A two-colour approach is used where, 
following an excitation at 266 nm, emission spectra at two 
different bands are captured in separate runs using two 
different filters. Two different flow fields are investigated 
using this method: (i) hypersonic flow past a blunt nose, 
which is characterised by a bow shock with strong entropy 
effects, and (ii) an attached shock-wave/boundary-layer 
interaction induced by a flare located further downstream 
on the same blunt cylinder body. Measurements from as 
low as the freestream temperature of 68.3 K all the way up 
to 380 K (T∞ − 5.6T∞) are obtained. The uncertainty at the 
higher temperature level is approximately ±15 %, while at 
the low end of the temperature, an additional ±15 % uncer-
tainty is expected. Application of the technique is further 
challenged at high temperatures due to the exponentially 
reduced fluorescence quantum yields and the occurrence of 
toluene pyrolysis near the stagnation region (To = 1150 K). 
Overall, results are found to be within 10 % agreement with 
the expected distributions, thus demonstrating suitability 
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photocathode, a microchannel plate and a phosphor screen in 
order to capture the very low light levels. This is particularly 
critical in high-speed flow applications where short expo-
sures are needed to ‘freeze’ the flow.

A number of PLIF variances have been applied in high-
speed wind tunnel testing to date including OH PLIF—used 
for flow visualisation in a supersonic combustion facility 
(Johansen et  al. 2014), krypton PLIF—for scalar imaging 
in a supersonic underexpanded jet (Narayanaswamy et  al. 
2011), acetone PLIF—for measuring density distribution 
within a supersonic free jet (Hatanaka et al. 2012), and NO 
PLIF—for application in facilities where NO is naturally 
occurring such as in arc-heated tunnels (O’Byrne et  al. 
2006; Inman et  al. 2011), amongst a few others. Recent 
research has highlighted the potential of using toluene as 
a PLIF tracer for flow thermography applications given its 
strong temperature dependence (Koban et al. 2004; Luong 
et al. 2006; Yoo et al. 2011; Miller et al. 2013); however, 
one of the main related limitations is that the photo-physics 
of toluene fluorescence are only documented for a very nar-
row range of conditions. The present study aims at inves-
tigating the applicability of the toluene PLIF technique in 
hypersonic experimental research, for which temperature is 
a driving parameter, but yet the bulk of temperature meas-
urements to date has been restricted to the surface of the 
model (Anderson 2000).

2 � Toluene PLIF

Toluene is an aromatic hydrocarbon and a derivative of 
benzene (C6H6) which contains the methyl group (CH3) 
in the place of a hydrogen atom, hence sometimes also 
referred to as methylbenzene and in molecular formulation 
expressed as C7H8. Early studies on the fluorescence prop-
erties of toluene were those by Burton and Noyes (1968), 
where its relatively high fluorescence quantum yield (FQY) 
was noticed, but it was not until more recently that it saw 
its first applications as a PLIF tracer (Einecke et al. 2000). 
The majority of applications have since been in combustion 
research, in particular in internal combustion (IC) engine 
studies (Koban et  al. 2005; Devillers et  al. 2009; Strozzi 
et  al. 2009). Since the absorption wavelengths of toluene 
are within the low UV spectrum, excitation can be achieved 
by means of high-power lasers such as krypton fluoride 
(KrF) lasers at 248 mm, quadrupled (fourth harmonic) neo-
dymium-doped yttrium aluminium garnet (Nd:YAG) lasers 
at 266 nm, as well as tunable lasers. Following laser exci-
tation, the fluorescence lifetimes of toluene are generally 
below about 50 ns for pure nitrogen at ambient conditions 
and decrease with temperature and oxygen concentration, 
exhibiting lifetimes shorter than 1 ns in pure air at ambient 
pressure and temperature (Faust et al. 2011).

An extensive characterisation of the photo-physical prop-
erties of toluene was carried out by Koban et  al. (2004), 
who documented a consistent red shift of the emission pro-
file with increasing temperature, and with signal intensities 
of three orders of magnitude lower at 900 K in comparison 
with those at 300 K, for both 266- and 248-nm excitation. 
This study thus identified the potential high temperature 
sensitivities of toluene PLIF, which under certain conditions 
were found to be even up to two orders of magnitude higher 
than those obtained with more commonly used PLIF vari-
ances (e.g. using acetone as a tracer). In subsequent work by 
Koban et al. (2005), toluene was also found to exhibit a sig-
nificant decrease in emission intensity with increasing oxy-
gen partial pressures due to the related reduction in intra-
molecular fluorescence lifetimes. Further studies then went 
on to establish oxygen concentration to be the main source 
of collisional quenching and determined the highest FQY 
conditions to occur at low temperatures and in oxygen-free 
environments (e.g. Luong et  al. 2006; Zimmermann et  al. 
2006; Oehlschlaeger et al. 2007; Strozzi et al. 2009). More 
recently, Yoo et al. (2010) extended applicability of single-
band (or single-colour) toluene PLIF to shock tube studies, 
which was followed by further work by Miller et al. (2013) 
on single- and double-band toluene PLIF temperature imag-
ing in an expansion tube facility. The latter successful devel-
opments encouraged the present investigation.

3 � Methodology

3.1 � Hypersonic gun tunnel

The facility used in this study is the Imperial College gun 
tunnel, which was used with nitrogen as the test gas and 
with a contoured nozzle to produce a freestream Mach 
number of M∞ ≈ 9, with a test duration of about 25  ms 
and an established flow time of 6 ms (Needham et al. 1970; 
Mallinson et al. 2000). The facility is specifically calibrated 
to operate at three different pressure conditions (Table  1) 
that yield freestream Reynolds numbers (Re∞) in the range 
of 6.5× 106 to 47.4× 106 m−1. The high-pressure operat-
ing conditions were selected for the present application in 
order to ensure stronger temperature gradients and produce 
turbulent flows which are less prone to separate and thus 

Table 1   Imperial College gun tunnel freestream flow properties for 
three baseline test conditions

Low pressure Medium pressure High pressure

M∞ 8.8± 0.5% 8.85± 0.5% 8.9± 0.5%

P0,∞ (MPa) 9.9± 2% 15.4± 2% 60.8± 2%

T0,∞ (K) 1040± 4% 1135± 4% 1150± 4%

Re∞ (m−1) 6.5× 106 ± 7% 12.6× 106 ± 7% 47.4× 106 ± 7%
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more likely to result in simpler topologies, in comparison 
with flows containing large separation regions. Wall tem-
perature was at ambient conditions Tw = 293  K ±1.5  %, 
and the nominal isentropic freestream temperature and 
pressure were T∞ = 68.3 K and p∞ = 3100 Pa. These low 
values are a result of the high Mach number of the flow, 
and they are in much contrast to the extremely high stagna-
tion properties (T0,∞ = 1150 K and p0,∞ = 60.8 MPa).

The region of core flow at M∞ ≈ 9 extends from 
the inside of the nozzle (which has an exit diameter of 
350  mm) and across the test section, allowing to accom-
modate models of up to ∼800  mm in length. The facil-
ity, which can produce run-to-run repeatability within ±
2 % variation in driver pressure (Table 1), is composed of 
a driver and a barrel separated by a septum chamber with 
two purposely designed steel diaphragms. A schematic 
diagram of the facility is shown in Fig. 1, where D1 cor-
responds to the first diaphragm, which separates the driver 
from the septum, and the second diaphragm D2 separates 
the septum from the barrel. A third diaphragm D3 is located 
at the nozzle inlet, and near vacuum conditions (≤4 mbar) 
are obtained in the nozzle/test section/dump tank assembly 
prior to the run so as to ensure sufficiently high-pressure 
ratios for tunnel start. During a high-pressure test, the barrel 
is initially filled up to a pressure of 1055 kPa, and then the 
driver and septum are pressurised to 46.9 MPa. The driver 
is then isolated and pressurised to slightly above twice this 
value (97.5  MPa). The tunnel is subsequently started by 
opening the septum isolation valve, which leads to a sud-
den increase in pressure followed by a rupture of the dia-
phragms and acceleration of the piston inside the barrel, 
thus compressing the test gas and leading to a rupture of 
the third diaphragm and to tunnel start with a freestream 
total pressure of P0,∞ = 60.8 MPa. For the present study, 
a controlled nitrogen/toluene mixture was injected into the 
test gas barrel.

3.2 � Two‑colour PLIF thermometry

The measurements rely on the correlation between the 
fluorescence characteristics of toluene and the amount of 
oxygen and temperature of the flow under a certain range 

of conditions. In mixtures free of oxygen, as in this case, 
the photo-physical characterisation of toluene fluorescence 
can be simplified so that, on its own, the laser-induced 
fluorescence (LIF) signal SLIF for a given condition can be 
expressed in the form:

The LIF signal therefore becomes a function of the incident 
number of photons E

hν
 (where E is the fluence of the exci-

tation laser, h is Planck’s constant, and ν is the frequency 
of the excitation laser), the fraction of photons absorbed 
ntolσ (which is the number density of fluorescing species, 
ntol = Ptol/(RT), times the absorption cross section, σ), the 
fraction of photons re-emitted as fluorescence φ (or FQY) 
and the overall efficiency of the imaging system η. While 
the absorption cross section is a function of excitation 
wavelength and temperature σ(�ex, T) and the efficiency 
of the system is a function of the fluorescence wavelength, 
η(�), the FQY (or φ) of toluene is a rather more intricate 
property to characterise as it is a function of the particular 
wavelength at which toluene fluoresces and at which it is 
excited, � and �ex, as well as a function of the flow tem-
perature and pressure, and tracer partial pressure, T , P and 
Ptol. For a given mixture, excitation wavelength and spec-
tral filter combination, the PLIF image obtained can thus be 
expressed as follows, where (x,y) are the spatial locations 
corresponding to each pixel in the horizontal and vertical 
directions in the image:

By knowing E, ntol and pre-documenting σ (e.g. expected 
to be ∼ 2× 10−19 cm2 within the 300–400  K range for 
266-nm excitation as per Koban et al. 2004; Cheung 2011), 
the region represented by each pixel in the PLIF image 
(x, y) can be effectively treated as an integration across each 
given spectral band and have its intensity correlated with 
temperature T . This relation permits application to con-
stant pressure flows with homogeneous tracer distributions 
by means of a single-band approach, but the assumptions 
above do not apply to flows involving pressure changes and 
therefore with non-uniform tracer distributions. In such 

(1)SLIF =
E

hν
ntolσ(�ex, T)φ(�, �ex, T ,Ptol,P)η(�)

(2)SLIF(x, y, T) = E(x, y)ntol(x, y)σ (x, y)φ(T(x, y))η

Fig. 1   Hypersonic gun tunnel 
schematic indicating location of 
the three diaphragms, D1 − D3, 
with additional nitrogen (N2) 
and toluene (C7H8) mixer, M. 
Schematic not to scale
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cases, a two-colour approach can be used, which relies in 
imaging the flow field using two different spectral filters, 
each of them imaging a different portion of the fluorescence 
spectrum. The filters are usually referred to as red and blue 
based on the part of the fluorescence spectrum they trans-
mit, i.e. imaging of the higher wavelengths corresponds to 
the red filter and the lower wavelengths corresponds to the 
blue filter. After taking into account the efficiency of the fil-
ters for a particular imaging system, which is also a func-
tion of wavelength η(�) (including camera quantum effi-
ciency, overall transmission of the optics, etc.), the ratio of 
the two corresponding signal intensities, Sred and Sblue, can 
be expressed as follows:

Therefore, by calculating the ratio between the two images, 
most of the variables cancel each other and the LIF signal 
at a given pixel in the image becomes a function of the ratio 
of FQY captured by each filter. This ratio together with an 
appropriate calibration leads to:

The combination of two suitable filters determines the 
sensitivity of the relation between the PLIF signal ratio and 
temperature. In this study, due to limited infrastructure, a 
one-camera set-up was used and the red and blue images 
were taken in two separate runs. This implies that factors 
such as the flow conditions, toluene mixing, laser intensity 
and sheet spatial uniformity had to be repeatable from run 
to run. Therefore, two test cases were selected for which 
the flow was fully steady and highly repeatable between 
runs, which had been extensively investigated from a 
numerical and experimental approach using thin-film heat 
transfer sensors, fast-response pressure transducers and 
high-speed schlieren imaging (e.g. see Fiala et  al. 2006; 
Estruch-Samper et  al. 2012). Given the short test dura-
tions (6 ms established flow) and the low laser frequency 
(15 Hz), a single image per tunnel firing was obtained and 
three repeat runs were performed per filter and per case.

3.3 � Experimental rig

The test model consisted of a blunt cylinder with a spheri-
cal nose of radius 25  mm (Fig. 2a). Test case 1 used the 
blunt nose section (total length of 101  mm) attached to 
a 66-mm-long cylinder with a diameter of 75  mm. For 
test case 2, the blunt nose was attached onto a 279-mm-
long cylindrical section and an 8° flare model was posi-
tioned with its leading edge at x = 212 mm. The low flare 
angle was designed to result in an attached shock-wave/

(3)
Sred

Sblue
=

E(x, y)ntol(x, y)σ (T(x, y))φ(T(x, y))red

E(x, y)ntol(x, y)σ (T(x, y))φ(T(x, y))blue

(4)
Sred(x, y, T)

Sblue(x, y, T)
= cnt

φ(T(x, y))red

φ(T(x, y))blue

boundary-layer interaction (SWBLI) under turbulent flow 
conditions, which were produced by a uniform roughness 
strip of 120 µm height and located at x = 38 mm along the 
circumferential direction on the nose.

Due to limitations in optical access, the laser-sheet form-
ing optics had to be placed inside the test section, although 
outside the hypersonic jet. Optics included a biconvex lens 
(25.4 mm diameter and 550 mm focal length) and a round 
cylindrical plano-concave lens (15  mm diameter, 25  mm 
focal length) as well as a set of round mirrors to adjust the 
laser path from its entry point through a small window at 
the bottom of the test section. All the optics were made of 
fused silica and had a special coating to enhance transmis-
sion within the range 248–355  nm. An intensified CCD 
camera (Princeton Instruments, 512× 512 pixels, Gen II 
with P43 phosphor plate) was externally triggered and gated 
for the duration of the established flow run, with no hard-
ware binning; a UV camera lens kit (Nikon, UV-105 mm) 
was used to image a field of view of 77.95 mm × 77.95 mm 
with a resolution of 3.271 px/mm. An Nd:YAG laser with 
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Fig. 2   Photograph of experimental rig including schematic (a) and 
gun tunnel total pressure trace indicating different stages of a high-
pressure run as per present tests (b)
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266-nm excitation was selected given that this wavelength 
has been reported to result in fluorescence signals of over 
an order of magnitude higher than with 248-nm excita-
tion. The collimated laser plane at the location of the 
model was 60 mm wide and 1 mm thick, with a laser flu-
ence <100mJ/cm2, thus falling within the linear regime as 
per the calibrations by Yoo et  al. (2010), in which a 5  % 
deviation in the fluorescence response was noted at about 
150 mJ/cm2. The laser was triggered using the start of the 
run as a reference and timed to excite the flow at the mid-
dle of the established flow window (i.e. 13 ms from trigger) 
following the ramp-up to steady test conditions and prior 
to the subsequent ramp-down (Fig. 2b). In order to obtain 
constant excitation energy levels, the laser was kept warm 
by running it externally at 15 Hz until immediately before 
the run, by which point the shutter was reset to wait for the 
tunnel start-up trigger. In addition to the anti-reflective tape 
on the model (Shurtape high-performance black masking 
tape), a very efficient means to minimise reflections with 
the present cylindrical configuration was to offset the laser 
plane 1  mm behind the centreline of the model, resulting 
in related errors of ~4 % in the freestream and ~1 % down-
stream of the bow shock.

A toluene seeding system made use of a Bronkhorst 
controlled evaporation mixing (CEM) unit with Coriolis 
flow meter. This system allowed injecting a controlled mix-
ture of nitrogen and toluene into the tunnel barrel through 
accurate control of the nitrogen and toluene mass flow rates 
into the mixing chamber. Spectrophotometric-grade toluene 
with high purity was used (Sigma-Aldrich), and the mixture 
was set with a molar mass concentration of 1.0 % of tolu-
ene in nitrogen, corresponding to a toluene partial pressure 
of 4  mbar, which proved to yield sufficiently high signal 
intensities within the temperature range of interest and is 
well below the saturation pressure of toluene (~50 mbar at 
ambient temperature). Although toluene poses reduced risk 
in comparison with other PLIF tracers such as acetone, the 
amount used was limited in part to help minimise long-term 
exposure levels and given the requirement for enhanced 
ventilation in the facility for higher tracer concentrations.

The present PLIF results are also compared with heat 
transfer measurements on test case 2 (SWBLI). For such 
measurements, temperature gauges were designed in house 
to fit the cylindrical body and the flare which allowed cap-
turing both the upstream and downstream regions of the 
interaction (x = 183  mm to x = 244  mm). The output of 
the gauges was amplified and low-pass-filtered at 50 kHz 
before being digitised by a 16-bit analogue-to-digital con-
verter at a sample rate of 100 kHz for each channel. Heat 
transfer was calculated using the theory of Schultz and 
Jones (1973), resulting in a measurement error of heat 
transfer of ±10% (including a ±5% uncertainty in the sub-
strate thermal properties, a ±1% uncertainty related to the 

thin-film thermo-resistive properties, and a ±4% regarding 
calibration of the gauges, signal conditioning and spatial 
resolution). High-speed schlieren visualisations were also 
obtained with a Photron Fastcam SA1.1 high-speed camera 
at a frame rate of 100,000 fps and using a Z-type schlieren 
optical arrangement.

4 � PLIF signal calibration

Given the difficulties in calibrating in-situ due to the 
large size of the nozzle/test section/dump tank assembly 
(V ≈ 20m3) and the limitations to use relatively small 
amounts of toluene within the facility, the calibration exer-
cise was carried out in a static cell (V ≈ 0.02m3) in which 
the nitrogen/toluene mixture was injected by means of the 
same system used in the main tests (Sect. 3.3). In this case, 
an intensified CCD (iCCD) spectrometer was used (Prince-
ton Instruments iCCD, 600 line mm−1 grating) to obtain 
spectral measurements within the 265–322-nm range and 
with a resolution of 0.2  nm (with effectively two-point 
hardware binning). The selection of this spectral range 
was determined in earlier investigations using a coarser 
resolution and wider spectral range. The dependence of 
the LIF signal on pressure was initially assessed by moni-
toring the change in the spectral profile as pressure was 
decreased from just above atmospheric conditions to near 
vacuum pressures. The corresponding trends are shown in 
Fig. 3a, where the fluorescence signal appears in the range 
266–322 nm and appears to decrease from about 560 mbar 
to the lowest pressure conditions (down to 13 mbar in this 
calibration run).

The trend exhibits two peaks at 277 and 282 nm, as well 
as the 266-nm peak which corresponds to the excitation 
wavelength. In Fig. 3b, the same data is presented in non-
dimensional form with respect to the intensity at 282  nm 
for each case (corresponding to the maxima in the spectra). 
For the present calibrations at room temperature, the same 
profile is maintained across the spectral range, suggesting 
that vibrational relaxation and collisional quenching of 
toluene by molecular nitrogen remain negligible; the only 
exception to this is found near the excitation wavelength 
(266  nm), where the peak is found to increase in inten-
sity and broaden across the spectral range as pressure is 
decreased. This tendency seems to be correlated with the 
overall signal quenching effect with decreasing pressure 
and is mostly noticeable at pressures below ∼500  mbar 
(Fig. 3a).

The dependence on temperature was subsequently inves-
tigated by heating up the mixture and the insulated test cell 
to 380 K. In Fig. 4, this increase in temperature is shown 
to result in a red shift of the fluorescence spectral profile of 
approximately 2–3 nm with respect to the FQY at ambient 
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conditions (Tamb = 293K± 1.5), with the shift being more 
noticeable towards the upper half of the profile >282 nm) 
and the lower side being less sensitive to temperature. 
A band-pass filter of the type BP280 (Semrock FF01-
280/20-25), centred at 280 nm with a nominal band pass of 
280± 10 nm, was used to image the left side of the profile 
(blue filter), and a long-pass filter (Schott N-WG280) with 
cut-off at about 280 nm, but with a more gradual rising edge, 
was used to capture the right side of the profile (red filter). 
The nominal transmission curves for each filter (Fig. 4) 
show that the blue filter has a sharper profile with about a 
3-nm rising edge and 5-nm falling edge, with a transmis-
sion of around 70  %; on the other hand, the red filter is 
expected to reach a higher transmission of up to 90 %, but 

its nominal rising edge spans over the present spectral pro-
file with minor transmission starting just above 266 nm.

For a more accurate calibration of this filter pair, the sig-
nal captured through each of them was measured at ambi-
ent temperature and for a range of sub-atmospheric pres-
sures (Fig. 5). Measurements confirmed that the blue filter 
profile is not far from what would be expected based on 
the nominal profile, with about 10  % higher transmissiv-
ity than expected; on the other hand, the red filter profile 
reveals unexpectedly a very sharp rising edge at around 
275–277  nm. It may be speculated that the difference 
between the nominal and the measured filter trends may be 
due to a conservative measure of the nominal profiles; how-
ever, given the narrow ranges of toluene fluorescence, such 
effects are likely to induce a significant error in calibrations 
based on nominal profiles. It is also noticed that the blue 
filter cuts off efficiently the laser wavelength at 267 nm and 
the red filter at 275 nm. However, as a peak near the exci-
tation wavelength becomes more prominent and broadens 
across the spectral range at the lowest pressures, the result-
ing fluorescence intensity cannot be fully blocked by the 
blue filter. For example, at 290 and 160 mbar (Fig. 5b, c), 
its influence is relatively low, but at the lowest pressures 
(20 mbar), it accounts for about 10 % of the total signal. 
Similar measurements at higher temperatures (380 K) sug-
gest that this effect still persists. While bearing in mind the 
current limitations in characterising toluene fluorescence 
at extremely low pressures, it may be speculated that the 
increase in signal intensity at near-excitation wavelengths 
may be related to an increase in toluene droplet size as 
pressure is reduced (i.e. higher intensity of light is scattered 

270 280 290 300 310 320
0

0.2

0.4

0.6

0.8

1

λ (nm)

S LI
F / 

S LI
F,

28
2,

1b
ar

827mbar
693mbar
560mbar
293mbar
227mbar
93mbar
53mbar
37mbar
13mbar

270 280 290 300 310 320
0

0.2

0.4

0.6

0.8

1

λ (nm)

S LI
F /S

LI
F,

28
2

827mbar
693mbar
560mbar
293mbar
227mbar
93mbar
53mbar
37mbar
13mbar

(a)

(b)

Fig. 3   LIF signal spectra for different pressures (13–827 mbar) and 
normalised by intensity at 282 nm for 1 bar conditions (a), and cor-
responding trend with respect to the LIF intensity at 282 nm for each 
individual case (b)
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by larger toluene droplets); however, the nature of this 
effect cannot be fully ascertained due to the complexity of 
the matter and current limitations. In practice, the blue sig-
nal is found to be artificially higher; for the present mixture 
and with reference to atmospheric conditions SLIF,atm, it 
increases exponentially in intensity with decreasing pres-
sure from below about 500 mbar as shown in Fig. 6, with 
the percentage of LIF signal intensity increase here found 
as �SLIF ≈ SLIF,atm(1.28p

−0.04
− 1) × 100 (%), with pres-

sure expressed in mbar.
It is noted that the highest related errors are below 12 % 

and are only found at the low end of the pressure range, 
which would correspond to the freestream conditions in 
most applications and can therefore be easily predicted; 
farther downstream, the increase in pressure across a shock 
would also result in lower related errors. A possible solu-
tion would require designing a custom optical filter to cut 
off wavelengths just below 269 nm in order to ensure that 
there is enough spectral range for the blue filter to still be 
efficient.
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Fig. 5   Toluene fluorescence spectra comparing total fluorescence signal and that captured with the blue and red filters. Data presented for the 
following pressure conditions: 1000 mbar (a), 290 mbar (b), 160 mbar (c) and 20 mbar (d)
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One of the difficulties in the present study relied on 
obtaining high-accuracy and sharp filters within the range 
of toluene fluorescence, together with the unknowns that 
come with nominal filter specifications before being actu-
ally calibrated. The selected filter (BP280) was chosen as 
the most suitable option; the same filter has also been used 
in the majority of past studies discussed in the literature. 
Another alternative in this respect could also be to excite 
the flow at lower wavelength, although this would come 
at the cost of significantly lower FQY and poor signal-
to-noise ratios (SNR), thus likely leading to significantly 
higher errors.

The temperature calibrations for the present filter com-
bination found that within the 293–380  K range, an 8  % 
increase in intensity was obtained with the red filter (Sred) 
while the total intensity revealed about a 3 % decrease in 
the blue filter signal (Sblue), i.e. with an overall increase 
in Sred/Sblue ratio of 11  % within the 87  K temperature 
increase. Further comparison with earlier studies using 
266-nm excitation is shown in Fig. 7, where the practically 
linear relation between temperature and PLIF ratio up to 
approximately 500 K can be observed for a number of filter 
combinations (e.g. Koban et  al. 2004; Miller et  al. 2013). 
For example, in the latter study by Miller et al. (2013), the 
WG305 filter was chosen due to its wider spectral range 
(i.e. higher imaged intensity) and significant temperature 
sensitivity in combination with a BP280 filter. The selec-
tion of the WG280 filter for the present study was based on 
the need for a broader spectral range so as to obtain higher 
signal intensities and SNR ratios, at the cost of a small 

decrease in temperature sensitivity in comparison with the 
earlier combination.

Due to the lack of documentation on toluene fluores-
cence photo-physics, little is known on its properties at sub-
atmospheric temperatures and calibration at such low tem-
peratures (down to 68.3 K) was not deemed possible. Given 
the demonstrated high linearity of the PLIF signal for 
temperatures up to 500 K, we assume that the same linear 
trend could be maintained for temperatures in the bottom 
half of the range. In this manner, following calibration of 
the system efficiency response, correction for background 
and dark noise signal based on pretest image subtraction 
and application of a spatial filter (4× 4 binning) with the 
purpose of effectively doubling the SNR (Yoo et al. 2010), 
the images were eventually overlapped and correlated with 
temperature using a MATLAB routine based on the proce-
dures described in Sect. 3. Further assessment of the related 
experimental errors and uncertainties is discussed in the 
following section along with the results.

5 � Hypersonic toluene PLIF results

Raw PLIF data on the blunt nose case (test case 1) are pre-
sented in Fig. 8a, b, which correspond to the blue and red 
images, respectively. In both images, the location of the 
bow shock ahead of the nose can be clearly seen, with sig-
nificantly higher contrast across the shock in the red image. 
Note that the intensity of the red image in Fig. 8b has been 
increased to approximately match the intensity down-
stream for better clarity. In both cases, the higher density 
and temperature downstream of the shock wave result in an 
increase in intensity through it, partly due to higher toluene 
density.

Following post-processing of the image pair, the dis-
tribution of temperature around the blunt nose is obtained 
as presented in Fig. 9a. The locations of the camera field 
of view (FOV) and the laser sheet are indicated in Fig. 9b. 
It must be noted that results at the two edges of the laser 
sheet are discarded, so that the effective width of the FOV 
becomes wlas,eff = 42 mm. Within this effective region, the 
related uncertainty is about ±2%.

Extensive attempts were made to capture the flow at 
the nose, and it was concluded that measurements could 
not be obtained further upstream of the selected region 
(x < 15 mm, white-line shaded area in Fig. 9a), partly as 
a result of the high temperatures in the stagnation region 
(To = 1150 K) exceeding the pyrolysis temperature of tolu-
ene from about 900 K (D’Alessio et al. 2002) and also due 
to the relatively low signal intensities at high temperatures. 
Previous studies on this configuration established that the 
flow passing through the stagnation region remains mostly 
contained within the boundary layer (Fiala et al. 2006), and 
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as such, toluene having gone past the potentially pyrolysing 
temperatures at stagnation remains very close to the wall 
(boundary layer thickness δ is only 0.4 mm at x = 38 mm). 
Therefore, the likely formation of soot particles and car-
bonaceous structures at stagnation (D’Alessio et al. 2002) 
does not affect the results.

Downstream of stagnation, the bow shock in the PLIF 
image is well captured, where regions ahead of and behind 
it can be clearly identified. Temperature profiles within the 
entropy layer display an increase of 15  % over the wall 
temperature at a location of approximately 7 mm from the 
surface. This is followed by a gradual decrease in tempera-
ture at distances further away from the wall and up to the 
location of the shock wave, upstream of which freestream 
temperature conditions are reached (Fig. 10).

PLIF results on the flare-induced SWBLI (test case 2) 
are presented in Fig. 11a along with the corresponding 
schlieren visualisation in Fig. 11b. The temperature in the 
region ahead of the interaction is found to be ∼275 K, and it 
increases to about 355 K downstream of the shock; the pre-
diction of the shock-wave location is further corroborated 

Fig. 8   Raw PLIF images on test case 1 (hypersonic blunt nose): 
blue image (a) and red image (b). Relative intensity of red image 
increased ×3 times for presentation purposes

Fig. 9   Toluene PLIF results on test case 1 (a) and corresponding 
schlieren visualisation indicating location of laser sheet, camera field 
of view (FOV), and regions 1 ahead of shock and 2 downstream of it, 
shown as white squares (b)
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by the schlieren image, where the shock is shown to be at 
an angle of 21° with respect to the freestream. As expected, 
temperatures close to the freestream value are also obtained 
at about 35 mm from the wall, that is, downstream of the 
upper part of the nose bow shock where flow temperature 
across the shock has increased minimally. It must also be 
noted that the interaction is submerged within the entropy 
layer and that the low temperatures far from the wall lies 
outside this layer.

Further analysis on the SWBLI case is presented in Fig. 
12a where the temperature across the shock is compared 
to numerical predictions. For comparison with surface 
heat transfer measurements, a location parallel to the wall 
ahead of the flare is selected (y = 45 mm). The predicted 
temperature increase along this line results in an increase of 
45 K (from 280 to 325 K), which takes place over a length 
of 4 mm. The corresponding thin-film heat transfer meas-
urements along the wall are presented in Fig. 12b, together 
with the numerical predictions for temperature and heat 
transfer. Comparison of the PLIF temperature measure-
ments with thin-film heat transfer measurements shows that 
both the temperature and heat transfer exhibit an increase 
along the interaction, which takes place along an axial dis-
tance of about 4 mm, i.e. with a gradient of ~11.25 K/mm 
and ∼1.5 (W/cm2)/mm, respectively. This relatively grad-
ual increase, in contrast to the more immediate increase 
expected for canonical two-dimensional SWBLIs, is in 
great part due to the strong entropy layer effects, as also 
shown in the CFD.

Regions upstream and downstream of the shock for the 
two test cases were selected for further analysis. A listing 
of the regions can be found in Table 2, and these regions 
are also shown in the schlieren images (Figs. 10b, 12b) 
as white squares. These regions were selected to assess 
the quality of temperature measurements across the shock 
along regions with near-uniform temperature distribu-
tion. The increase in signal across the shock for the four 
selected regions and for the different repeated runs for 
each case is presented in Fig. 13a. Here, Sa and Sb are the 
signal intensities ahead of and behind the shock, respec-
tively. Repeatability in terms of ratios across the shocks 

is found to be within ±1%. In terms of overall intensity, 
a higher uncertainty (5 %) related to variation in the laser 
excitation energy is found, mainly due to the variation in 

Fig. 11   Toluene PLIF results 
on test case 2, flare-induced 
interaction (a) and correspond-
ing schlieren visualisation 
indicating laser sheet, camera 
field of view (FOV) and regions 
3 ahead of shock and 4 down-
stream of it, shown as white 
squares (b)
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tunnel start-up (which is triggered by the rupture of two 
diaphragms and varies depending on the material and cor-
responding machining), thus resulting in different laser 
warm-up times. The lower sensitivity to temperature of the 
blue filter is also reflected in Fig. 13a; therefore, for both 
cases, the increase in LIF signal is larger with the red filter.

The temperature measurements in both regions yield 
values of 41 K upstream of the shock wave (region 1) and 
318 K downstream of it (region 2). The freestream pressure 
is analytically calculated from isentropic relations, and it is 
found to be 31 mbar, which is the lowest pressure within 
the flow; the pressure in the region of interest downstream 
of the shock is significantly higher (∼ 250 mbar based on 
the numerical simulations) so that the increased scatter-
ing effects near the excitation wavelength are expected to 
be relatively low (11.6 and 2.6 % of the total intensity of 
the image in these two regions). Accordingly, the corrected 
temperature measurements (Tcorr) are 68.3  K (nominal 
value) and 325.7 K.

Across the SWBLI, the measured temperatures are 249 K 
(region 3) and 345  K (region 4). The predicted pressures 
in this case are of 45  mbar upstream and 80  mbar down-
stream of the shock so that the error due to increased FQY 
near excitation is expected to account for 9.9 and 7.4 % of 
the blue signal. The corrected temperature values (Tcorr) are 
therefore 277 and 354 K. Taking into account the different 
uncertainties that have been mentioned, the total measure-
ment error at near ambient conditions is found to be about 
15 %, including a 2 % error related to laser profile, 5 % due 
to uncertainty in excitation energy and an 8 % error related 
to calibration of the signal ratio for the filter pair (the lat-
ter including spectrometer, iCCD imaging and temperature 
measurement uncertainties). This error may increase by 
around 10 % due to higher signal intensity near the excita-
tion wavelengths at the lowest pressures, i.e. a total of 25 %. 
The highest error is expected at the lowest temperature (in 
the freestream) given the assumption of linearity; in this 
case, an additional 15 % error is accounted for. Therefore, 
the total error of 30 % is expected; however, this can be eas-
ily corrected based on nominal freestream values.

Comparison of the overall results for T  and Tcorr at the 
four locations with the expected analytical and numerical 
predictions in Fig. 13b shows that agreement lies within 
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Table 2   Properties at the four selected regions

Region Location σSLIF/(Sred/Sblue) T  (K) SLIF/SLIF,atm Tcorr (K)

1 Upstream of nose bow shock 0.095 ± 0.005 41.4 ± 40 % 11.6 % 68.3 ± 2 %

2 Downstream of nose bow shock 0.055 ± 0.005 317.5 ± 25 % 2.6 % 325.7 ± 15 %

3 Upstream of flare SWBLI 0.095 ± 0.005 249.1 ± 25 % 9.9 % 277.1 ± 15 %

4 Downstream of flare SWBLI 0.070 ± 0.005 345.0 ± 25 % 7.4 % 354.0 ± 15 %
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10 % for all cases, namely: region 1 (upstream of nose bow 
shock), region 2 (downstream of nose bock shock), region 
3 (upstream of flare SWBLI) and region 4 (downstream of 
flare SWBLI). Results suggest that the assumption of lin-
earity for sub-atmospheric temperatures is reasonable yet 
subject to increased errors, with freestream temperature 
being subject to the highest relative error, in great part due 
to its extremely low value. The linearity of the trend is thus 
likely to deviate at temperatures below 180  K, by which 
point toluene is expected to desublimate, thus slightly 
changing its FQY characteristics.

A summary of the main findings is presented in Fig. 14, 
where the results for the two cases are shown together with 
the numerical temperature contours for the whole blunt cylin-
der/flare body. Qualitative comparison shows that the method 
predicts accurately the location of shock waves and the tem-
perature of the flow field in intricate regions such as in the 
strong entropy layer downstream of the bow shock (test case 
1) and in the flare-induced SWBLI farther downstream (test 
case 2). With the appropriate modifications to optical access 
in the facility, larger regions could be imaged and results over 
larger regions could potentially be obtained. In the same way, 
near-wall measurements could also be performed as long as 
the stagnation temperature remains below 900 K.

6 � Conclusions

The applicability of the toluene PLIF technique for imag-
ing of temperature in low-enthalpy hypersonic facilities 
has been assessed. A one-camera system was used with the 
red and blue spectral filters in two successive runs, provid-
ing one image per run. The ratio of the resulting images 
was then correlated with temperature as in a two-colour 
approach. The main appeal of using toluene as a tracer is 
its strong temperature dependence and high FQY, which 
makes it particularly suitable for thermometry applica-
tions in oxygen-free environments. The 266-nm excita-
tion provides relatively high FQY, but the proximity of 

this wavelength to the toluene emission spectra results in 
artificially increased PLIF signal which is challenging to 
avoid within the red-to-blue filter combination; this effect 
is of the order of 10  % at the lowest pressure conditions 
and can be taken into account with appropriate corrections. 
High temperatures occurring in stagnation regions in high 
Mach number flows are outside the range of the technique 
due to toluene pyrolysis effects and reduced FQYs; how-
ever, larger amounts of toluene could yield measurements 
in regions with temperatures as high as 900 K.

The total measurement error of the technique was found 
to be 15 %, with an additional 15 % at the lowest tempera-
tures due to the assumption of linearity at the bottom of the 
range and due to the significantly lower absolute values. 
With further characterisation of toluene photo-physics and 
refinement of the technique, such errors could be poten-
tially reduced to within common errors for related instru-
mentation such as thin-film heat transfer gauges (∼ 10%). 
In fact, within regions of near-uniform temperatures, there 
is remarkable agreement between surface heat transfer 
gauges and toluene PLIF measurements with deviations 
within measurement uncertainty of the gauges. Moreover, 
the temperature rise across shock waves (nose bow shock 
and attached shock wave induced by a ramp) appears to be 
entirely consistent with isentropic theory and numerical 
predictions. Therefore, the technique has the potential of 
yielding measurements of planar temperature distributions 
around hypersonic bodies, where the majority of measure-
ments to date are limited to the surface.
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